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13.  ABSTRACT 


!*.  SPONSORING  MILITARY  ACTIVITY 

Army  Materials  and  Mechanic  Research  Ctr 
Watertown,  Massachusetts  02172 


This  report  summarizes  results  during  the  period  1  July  1971  through 
31  December  1971.  The  applied  researcji  is  now  being  conducted  by  E.  F.  Industries, 
Inc.  under  subcontract  to  Martin  Marietta  corporation.  Close  liaison  is  being 
Maintained  between  E.  F.  Industries,  Inc.  and  the  University  of  Denver  to  further 
inhance  the  coupling  of  science  and  technology,  one  of  the  major  goals  of  the  Center 
for  High  Energy  Forming.  -Section  I  of  this  report  describes  thusre*  areas  of  applied 
research  where  definite  programs  pointed  toward  hardware  applications  have  already 
been  established.  These  include  thick  walled  tube  expansion,  die  stresses,  and 
applications  of  explosive  welding  to  hardware  configurations.  The  work  on  explosive 
expansion  of  thick  walled  tubes  is  directed  toward  reduction  of  process  cost  and  an 
accurate  determination  of  the  process  economics.  Explosive  compaction’ of  metal 
powders  is  directed  toward  production  of  forging  preforms  for  turbine  discs,  turbine 
buckets,  etc.  The  explosive  Welding  work  will  concentrate  on  the  production  of 
components  applicable  to  helicopter  spars,  rotors,  hubs,  and  dual  hardness  armor.( 

•The  basic  research  at  the  University  of  Denver  covexs — many — facets,  i-.-yj: — s&j;  t 

The  basic  parameters  for  powder  metal  compaction  have  been  established  for  , 

some  powders  and  for  compaction  of  steel -tungsten  composites,  Prelininary  results 
of  explosive  thermomechanical  processing  of  17-7PH  stainless  steel  and  a  Beta  III 
Titanium  alloy.  Prediction  and  control  of  explosive  pressure  history  in  thick 
wall  tubes  is  being  investigated  via  strain  gage  measurements. 

(continued  on  back) 
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Also,  the  energy  transfer  from  a  centrally  located  charge  to  a  flat  blank 
is  being  investigated.  The  explosive  Welding  research  is  directed  toward 
diffusion  and  defect  studies,  as  well  as  welding  parameters  and  thickness 
limitations. 

Other  research  is  reported  on  perforated  dies,  explosive  forming  of  thick 
walled  domes,  use  of  high  explosive  pressure  for  increased  ductility,  analysis 
and  design  of  facilities  for  explosive  welding  and  explosive  welding  of  steel 
boiler  components. 
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ABSTRACT 


This  report  summarizes  results  during  the  period  1  July  1971  through 
31  December  1971.  The  applied  research  is  now  being  conducted  by  £.  F.  Indus¬ 
tries,  Inc.  under  subcontract  to  Martin  Marietta  Corporation.  Close  liaison 
is  being  maintained  between  E.  F.  Industries,  Inc.  and  the  University  of  Denver 
to  further  enhance  the  coupling  of  science  and  technology,  one  of  the  major  goals 
of  the  Center  for  High  Energy  Forming.  Section  I  of  this  report  uescribes  those 
areas  of  applied  research  where  definite  programs  pointed  toward  hardware  apoli- 
cations  have  already  been  established.  These  include  thick  walled  tube  expansion, 
ie  stresses,  and  applications  of  explosive  welding  to  hardware  configurations. 

The  work  on  explosive  expansion  of  thick  walled  tubes  is  directed  toward  reduction 
of  process  cost  and  an  accurate  determination  of  the  process  economics.  Explosive 
compaction  of  metal  powders  is  directed  toward  production  of  forging  preforms  for 
turbine  discs,  turbine  buckets,  etc.  The  explosive  welding  work  will  concentrate 
on  the  production  of  components  applicable  to  helicopter  spars,  rotors,  hubs,  and 
dual  hardness  armor. 

The  basic  research  at  the  University  of  Denver  covers  many  facets. 

The  basic  parameters  for  powder  metal  compaction  have  been  established  for  some 
powiersand  for  compaction  of  steel-tungsten  composites.  Preliminary  results  of 
explosive  thermomechanical  processing  of  17-7PH  stainless  steel  and  a  Beta  III 
titanium  alloy.  Prediction  and  control  of  explosive  pressure  history  in  thick  wall 
tubes  is  being  investigated  via  strain  gage  measurements.  Also,  the  energy  transfer 
from  a  centrally  located  charge  to  a  flat  blank  is  being  investigated.  The  explo¬ 
sive  welding  research  is  directed  toward  diffusion  and  defect  studies,  as  well  as 
welding  parameters  and  thickness  limitations. 

Other  research  is  reported  on  perforated  dies,  explosive  forming  of  thick 
walled  domes,  use  of  high  explosive  pressure  for  increased  ductility,  analysis 

and  design  of  facilities  for  explosive  welding  and  explosive  welding  of  steel  boiler 
components. 
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E.  F%  INDUSTRIES,  INC. 

1 v  Thick  Walled  Tube  Expansion 
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Principal  Investigators:  / X:D.  Mote,  L.  K.  W.  Ching 
...  .  9?®  the  major  costs  in  producing  compressive  residual  stresses  in 

,  *  irallfed  tubas  using  explosive  bulging  methods  i«  die  cost  or  the  stain- 

less  steel  radial  piston.  The  selection  of  stainless  steel  as  the  radial 
piston  material  during  the  subscale  development  program  was  arbitrary,  based 
only  on  availability  and  schedule.  However,  the  use  of  a  different  piston 
material  must  produce  the  correct  pressure-titie  pulse  to  properly  auto¬ 
frettage  the  thick  walled  tube.  A  mathematical  analysis  is  now  being  con- 
ducted  by  the  University  of  Denver  to  determine  the  tube  thickness  and  explo- 
siveioading  retired  for  autofrettage  using  a  mild  steel  tube.  Upon  completion 
o  the  analysis,  E.  F.  Industries,  Inc.  will  autofrettage  two  subscale  tubes 
based  on  the  parameters  developed  by  the  analysis.  Subsequent  to  verification 
of  the  successrul  autofrettage,  a  process  economic  evaluation  will  be  conducted. 

2.  Explosive  Compaction  of  Metal  Powders 

fTlut_±pa.l  luveatigatois;  J.  D.  Mote,  L.  K.  W.  Ching 

..  jTh4  “rSt  Prom*8ln8  area  for  immediate  use  of  explosive  powder  compaction 
methods  is  for  forging  preforms  for  compressor  discs  and  preforms  for  turbine 
discs  and  turbine  buckets.  E.  F.  Industries,  Inc.,  in  close  liaison  with 
University  of  Denver  personnel,  plans  to  quickly  attack  the  problems  of  pro¬ 
ducing  such  explosively  compacted  powder  metallurgy  parts.  The  potential  ad- 
vantaga  of  this  process  is  to  provide  greater  homogeniety  in  the  material, 
thus  eliminating  tlw  inn Ination  problems  encountered  with  other  processes. 

Our  initial  studies  will  involve  compaction  of  powders  in  sealed 
metal  containers.  This  study  will  progress  along  two  fronts,  namely,  con- 
tainer  design  and  explosive  loading  required  to  produce  a  given  density. 

■  .1  Waia.  HtKfeuJaBeo  will  he  useo  to  aecermme  the  container 

wniflherati5n/eSredwt0  Pr^ent  cani8ter  fracture.  Three  different  geometries 
will  be  used  in  this  phase.  The  geometries  will  be  a  pancake,  a  cylinder  and 

tube‘  J8 ce  **®  container  designs  are  established,  additional  shots 
^Ptrf°rmedJ°  obtain  the  highest  density  for  each  configuration  and 
f  ^  h  Ckl?e8f‘  Tiese  te8ts  will  then  provide  a  baseline  for  the  density 
studies  and  should  be  completed  in  3  1/2  months. 


The  density  studies  will  be  based  on  the  earlier  studies.  The  con¬ 
tainer  will  be  selected  and  several  different  metal  powders  will  be  compacted 
based  on  the  previous  results.  Metal  powders  will  be  selected  from  the 
following  classes: 


a.  ferrous  alloys 

b.  stainless  steel  alloys 

c .  superalloys 

d.  refractory  alloys 


classed  tl0L' Cla88eS  represent  the  “08t  interesting  and  challenging 

~  sts-s  ayas 

sLLtr  i" “  ■S’SSLrsrK*!^ 

il. 

The  program  outlined  above  should  provide  an  insipht  «•„  ^  ui 

3.  Die  Stresses 

Principal  Investigator:  L.  K.  W.  Ching 

h  .  Anaiys^sJof  *he  experimental  results  in  the  die  stress  program  is 
an„„flC°e£rt  “  ^  rep0"  18  bein8  preP“ed  £«  Elusion  in  the 

4‘  Applications  of  Explosive  Welding  to  Hardware  Confieurarinn. 
Principal  Investigators:  J.  D.  Mote,  L.  E.  Jensen 

terhnnW»elim^a!;y  program  plan  for  exploitation  of  explosive  welding 

=^-d- 

tainers  Lc  An^h103*10”8  f  helicoPter  spars,  rotors,  hubs,  weld  re- 
hhe  £&££? th^sl/^Tar1^ 8  *» 
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1.  Explosive  Powder  Compaction 


Principal  Investigator:  H.  Otto 


'/j' ■' 1  v *1^; 

vJfoW., 


Graduate  Students:  D.  Witkowsky  and  T.  McClelland 

••  "  .  * ...  •  \  . 

This  area  of  research  is  divided  Into  two  studies:  (i)  the  fabrication 
of  rolling  preforms  and  (b)  the  compaction  of  composites.  In  both  studies 
steel  powder  has  been  used  for  the  basic  material  with  tungsten  filaments 
being  used  in  the  composite  study. 


a.  i Compaction  of  Preforms 

Compacts  of  Ancorsteel  1000  Iron  Powder  had  been  made  earlier 
in  the  program  using  explosive  loading  ratios  of  1. 1:1.0,  0. 8:1.0 
and  0. 6:1.0  (weight  dynamite  to  weight  steel  powder).  Very  little 
difference  in  hardness  was  noted  from  compact  to  compact,  as  an 
inspection  of  Table  II. 1.1  indicates.  Even  a  comparison  with^a 
conventionally  pressed  compact  did  not  indicate  a  large  difference 
in  hardness,  even  though  the  conventionally  pressed  compact  was 
less  dense. 


Sintering  experiments  w eft  jumd Ih  a 
argon  atmosphere.  Both  time  and  temperature  were  used  as  variables 
in  these  experiments.  Results  of  these  tests  are  presented  in 
Tables  II. 1.2  and  II. 1.3. 

As  an  inspection  of  these  tables  indicates,  _he  specimens 
actually  decrease  slightly  in  density  as  a  result  of  sintering. 

This  decrease  varies  over  a  wide  range  and  is  more  pronounced  in 
the  conventionally  compacted  specimens.  Although  there  were  no 
significant  changes  in  specimen  dimensions  as  a  result  of  sinter¬ 
ing,  changes  in  weight  were  observed.  The  decrease  in  density 

noted  is  a  result  of  weight  loss  with  no  corresponding  decrease  in 
volume . 


Metallographic  examinations  are  underway  at  the  present  time 
to  determine  the  type  of  changes  that  occur  during  sintering. 

These  studies  should  be  completed  in  the  near  future. 

b.  Compaction  of  Steel-Tungsten  Composites 

A  double-acting  piston  arrangement  is  being  used  with  Red 
Cross  40%  Extra  dynamite  as  the  explosive  charge. 

Problems  have  been  encountered  in  obtaining  a  uniform  wire 
distribution  and  cracking  in  the  composite.  A  wire-winding  appara 
tus  has  been  built  which  now  allows  a  uniform  wire  distribution 
to  be  obtained.  Wire  braces  with  5-mil  tungsten  wire  5  mils  apart 


Table  II.  1.1  Hardnet;;?  Readings  on  Green  Compacts  with 

1/4-inch  Ball  and  15  Kg  Load 


Type  of 
Explosive 

Loading 

Ratio 

40%  RCE 

1. 1:1.0 

40%  RCE 

0. 8:1.0 

60%  GD 

l.lrl.O 

SWP-5 

1. 1:1.0 

SWP-5 

0. 8:1.0 

SWP-5 

0. 6:1.0 

No  Explosive 

31.2  tsi 

Thickness 
Compact,  in 

Average 

hardness 

1/2 

87 

1/2 

88 

1/2 

87 

1/4 

85 

1/4 

86 

1/4 

85 

1/4 

84 

Table  II. 1.2 
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ReScimn«r^Hi^eriinf  Te®ts  on  Explosively  and  Conventionally 
Compacted  Steel  Specimens  After  Sintering  for  4U:;4,f 

One  Hour  at  Various  Temperatures 

•  s  t  *  1y  >  1  •>  ;  -'i  "•[  .  •  ■  .  , 


Sample 

Identification 
EC  1. 1:1.0 


EC  0. 6:1.0 


CC  31.2  tsi 


Sintering 
Temp, ,  °F 

Density,  %  of  Theoretical 

Chan 

Pens 

Before 

After  4 

o 

o 

CO 

96.3 

93.4 

-2.9 

1000 

96.9 

94.6 

+2.2 

1200 

95.4 

94.3 

-1.1 

1400 

96.6 

94.7 

-1.9 

1600 

96.2 

95.7 

-0.5 

1800 

95.0 

94.4 

-0.6 

2050 

94.9 

97.5 

+2.6 

2200 

97.5 

96.9 

-0.6 

2400 

97.1 

96.4 

-0.7 

800 

97.0 

95.7 

-1.3 

1000 

95.5 

94.9 

-0.6 

1200 

97.3 

35.8 

-1.5 

1400 

96.3 

94.5 

-1.8 

1600 

97.2 

95.9 

-1.3 

1800 

96.6 

06.1 

-0.5 

2050 

95.1 

96.6 

+1.5 

2200 

96.3 

95.9 

-0.4 

2400 

96.6 

95.5 

-1.1 

800 

83.2 

82.0 

-1.2 

1000 

83.4 

82.5 

-0.9 

1200 

82.4 

31.1 

-1.3 

1400 

82  6 

SO.*' 

•2.4 

1600 

84.5 

81.8 

-2.7 

1800 

85.2 

83.7 

-1.5 

2050 

85.5 

83.1 

-2.4 

2200 

83.3 

80.4 

-2.9 

2400 

84.1 

80.6 

-3,5 

Table  II. 1.3 
Sample 

Identification 
EC  0. 8:1.0 


CC  32.1  tsl 


Results  of  Sintering  Tests  at  2050°F  for  Various  Times 


Sintering 
Time,  hr. 

1/4 

3  n 

3/4 

1 

1-1/2 

2 

3 

6 


Density.  % 
Before 

96.3 
95,  !i 

96.7 

94.7 

96 .4 

96.5 

96.7 
95,4 


Theoretical 

After 

95.5 

y<».u 

96.1 

96.1 

96.1 

96.0 

tm.Jl 

96.3 


Changes  in 
Penn 1 tv.  2 

-0.8 
-1.0 
-0.6 
+1.4 
-0.3 
-0.5 
-i'.  3 
+0.9 


1/4 

1/2 

3/4 

1 

1-1/2 

2 

3 

6 


85.0 

84.9 

-0.1 

86.0 

85.8 

-0.2 

86.4 

85.9 

-0.5 

85.5 

83.1 

-2.4 

84.7 

84.5 

-o  ■> 

84.3 

84.3 

o 

84.9 

83.4 

-1  5 

83.6 

82.4 

A.  •  J 

-1.2 

have  been  made  and  used.  The  steel  powder  Is  now  being  vibrated 
around  the  wire  harps  for  varying  time  periods  using  a  modified 
Syntron  Vibropolisher.  This  is  to  insure  that  the  powder  fills 
all  the  voids  around  the  wires  and  helps  eliminate  weakness  planes. 


A  number  of  die  modifications  have  been  tried  in  an  attempt 
to  eliminate  the  cracking  problem.  Different  types  of  spacers 
between  the  wire  braces  and  the  die  and  varying  sizes  of  piston 
top-plates  have  been  tried  with  little  success.  Currently  a  new 
die  is  being  built  with  larger  overall  dimensions.  It  is  believed 
that  the  more  massive  die  will  reduce  the  elastic  spring-back  which 
seems  to  be  the  major  cause  of  cracking. 


Portions  of  the  final  composite  away 'from  cracked  regions 
are  well  compacted  and,  after  sintering  ^  ^huw  go**!  ' vatrix-fiber 
bonding  with  no  brittle  interface  region.  Once  the  cracking  problem 
is  overcome,  mechanical  testing  will  be  done  to  determine  the 
properties  of  the  composites. 


\ip 


?.•  Explosive  Thermomechanical  ProreRR^^ 

f!;-;  ■  'i  s'  rrv  ,  ■  V  .  :•  ;.-J  *$1  vv",i.-  •'  ■  ;■» '  v.  .  H&yi-.Va 

Principal  Investigator:  R.  N.  Orava 
Graduate  Student:  J.  P.  Allen 

,  *“?  investigaclun  of  dynamic  thermomechanical  processing  (TMP)  is  con¬ 
tinuing.  The  effects  are  being  studied  of  the  incorporation  of  cold  rolHng 
or  explosive  forming,  as  the  mechanical  working  stage,  into  the  heat  treat  8 

etainless^teel 

Sit'd beta-tlta"iu"  IW-  Kecbrit  re- 

Table  Pr0Cf,SSinS  proce'iure  *°r  ««1  is  given  in 


1. 

2. 

3. 

4. 


solution  heat  treatment; 

“tl  SZ22SS2!  *°  precipltate  M»C6  and  render  the 

transformation  to  martensite,  by  cooling  or  cold  working; 

precipitation  hardening,  which  serves  as  both  a  martensite 
temper  and  an  aging  treatment. 


Forming  was  inserted  between  each  of  Steos  1  and  ?  9  q„j  ■»  jo 

to^int  ”ltlC  “aaSf— ia  waaliLL^he3^3,^ 

Room-temperature  tensile  properties  were  compared  after  thermal  nro- 
cessing  conventions!  TMP  by  cold  rolling,  and  dynamic  TMP  by  explosive 

Table  Ilf 2™  8  rectan8ular  workpieces.  The  data  are  presented  in 

1  hr  ^h"  ^he  f ] L^annealed  stock  was  deformed  and  then  aged  at  100°F  for 
1  hr.,  the  terminal  strengths  increased  in  the  predicted  manner  with  -fn- 

vieldin8/°l|mfn8  Strain,  Also»  for  an  equivalent  reduction  in  thickness  the 

thill  T,?  8tr!n8ths  after  exPlosiva  forming  and  aging  are  lower  tJan 

137  SLid11?18  3n?  a8ln8,  F°r  exajlPle’  f°r  a  forming  strain  of  about 

3g,  the  yield  strength  associated  with  explosive  TMP  is  about  167  inwr  t-x 

d  ^er~l0nal  ™P>  fd  the  Ulti"ata  length,  5  lower  ?"  CA1 1  hough"  these" 
dpffa  r  particularly  8reat,  one  should  be  aware  of  this  factor  for 

design  purposes.  It  is  best  understood  in  terms  of  a  reduced  propensS 

increases”'  Thin^^6118^10  transformations  aa  the  rate  of  deformation 
increases.  This  tendency  is  experimentally  well  established.  A  less  likalv 

explanation  would  be  the  acceleration  of  aging  due  to  the  nature  of  Zhl  SX  ► 
structure  generated  at  explosive  forming  rates.  Studies  are  presently  under- 
way  in  an  attempt  to  isolate  these  possibilities. 


Table  II. 2.2  Room-Temperature  Tensile  Properties  of  17-7PH 
Steel  Following  Thermal  Processing,  Conventional  TMP, 
or  Explosive  TMP. 


Stainless 


Forming 

History* 

Forming 

Strain 

(in/in) 

0.2%  YS 
(ksi) 

UTS 

(ksi) 

Total 

Elong. 

(%) 

R.A. 

I&L 

(a)  Condition  A  +  Cold 

Work  — *  Condition 

CH900 

UD 

0 

52.0 

137.1 

38.8 

52„7 

CR 

0.084 

90.1 

148.8 

32.0 

47.3 

0.112 

106.3 

159.6 

30.0 

49.1 

0.129 

114.9 

160.4 

29.8 

45.2 

EF 

0.129 

96.2 

150.6 

31.1 

42.8 

Nominal 

0.30 

115 

178 

10 

0.60 

190 

220 

5 

(b)  Condition  A  +  Cold 

Work—*  Condition 

TH1050 

UD 

0 

181.8 

194.9 

6.5 

27.0 

CR 

0.084 

179.1 

191.4 

10.0 

33.8 

0.112 

185.9 

194.7 

6.1 

33’.  0 

EF 

0.084 

191.4 

201.9 

5.9 

28.9 

0.112 

187.4 

199.1 

8.1 

36.4 

Nominal 

0 

174.5 

187.5 

10.5 

0.30 

165.5 

183.8 

11.8 

<c) 

Condition  T  +  Cold  Work-*  Tinner, 

UD 

0 

181.8 

194.9 

6.5 

27.0 

CR 

0.024 

192.6 

197.9 

3.8 

19.0 

EF 

0.024 

192.3 

199.8 

5.5 

32.5 

Nominal 

0 

174.5 

187.5 

]0.5 

*  UD:  undeformed;  CR: 

cold  rolled;  EF:  explosively  formed 

Table  II. 2. 2  (Con't.) 


Forming 

History* 

Forming 

Strain  0.2%  YS 

_(in/in)  (ksi) 

id)_  Condition  A1750 

Total 

Elong. 

I1!5.1)  (%)_ 

+  Cold  Work  -*■  RMDsn 

R.A. 

i&L 

UD 

0 

211.4 

222.3 

6.9 

31.4 

CR 

0.022 

201.4 

216.3 

8.3 

12.6 

EF 

0.022 

140.1 

193.5 

J  1.4 

34 . 6 

Nominal 

0 

220 

235 

6 

(e)  Condition  R-100 

+  Cold  Work 

-+  RH950 

UD 

0 

218.1 

229.0 

8.4 

36.5 

CR 

0.025 

183.3 

216.1 

11.5 

35.5 

EF 

0.025 

215.9 

228.9 

10.7 

34.2 

Nominal 

0 

220 

235 

6 

*  UD:  undeforraed;  CR: 


cold  rolled;  EF 


explosively  formed 


Generally,  imparting  a  large  amount  of  strain  in  Condition  A  prior  to 
converting  to  TH1050  requires  a  modification  of  the  austenite  conditioning 
temperature  from  1400  to  1550OF,  and  the  transformation  cooling  conditions 
to  0°F  for  4  hrs.  This  will  restore  to  undeformed  TH1050  levels  the  proper¬ 
ties  shown  in  Table  2(b)  for  30%  strain.  Significantly,  it  would  appear  that 
this  modification  is  unnecessary  for  the  lower  forming  strains  (8.4  and  11.2%) 
examined  herein,  particularly  when  material  in  Condition  A  is  explosively 
formed.  The  strengths  are  increased  relative  to  thermally  processed  control 
material  by  an  average  of  8%  for  yield  and  3%  for  ultimate  strength  in  this 
strain  range.  Moreover,  the  ductility  is  raised  slightly  rather  than  falling 
off  as  might  be  expected. 

When  17-7 PH  steel  is  formed  in  the  transformed  condition  (T)  prior  to 
aging  to  TH1050,  both  rolling  and  explosive  forming  introduce  a  small  increase 
in  the  final  strength  levels.  Whereas  the  former  leads  to  substantial  reduc¬ 
tions  in  ductility,  explosive  forming  leaves  the  ductility  relatively  un¬ 
changed.  When  wortced  in  the  R-100  condition,  however,  explosive  forming  does 
not  significantly  alter  the  properties,  while  cold  rolling  has  a  decided 
detrimental  effect  on  strength. 

It  should  be  pointed  out  that  only  a  small  amount  of  cold  work  (2.4%) 
in  Condition  T  raised  the  yield  strength  by  10,000  psi.  On  a  specific  basis, 
a  linear  extrapolation  to  10%  strain  would  result  in  a  45,000  psi  strength 
increase.  Unfortunately,  one  of  the  problems  is  the  instability  strain 
limitation  in  the  high-strength,  transformed  condition.  Conceivably,  then, 
substantial  beneficial  effects  could  be  realized  if  the  fabrication  procedure 
does  not  involve  large  tensile  strain  components  along  with  sizable  compres¬ 
sive  strains. 

The  influence  of  high  energy  rate  forming  in  the  A1750  condition  on 
RH950  strength  levels  has  led  to  some  unusual  results.  Fcr  example,  the 
yield  strength  after  explosive  TMP  is  34%  lower  than  that  of  the  undeformed 
control  material,  and  30%  lower  than  after  conventional  TMP  by  rolling  to  ..n 
equivalent  strain.  The  decrease  in  ultimate  strength  is  less  severe  (about 
13%  and  11%,  respectively).  Why  the  discrepancy  is  this  great  presents  an 
interesting  problem  which  has  not  yet  been  resolved.  Presumably,  the  trans¬ 
formation  characteristics  are  significantly  altered  at  -100°F.  Until  such  a 
time  as  the  result  is  confirmed  by  additional  experiments,  the  causes  better 
understood,  and  modified  heat  treatment  conditions  determined  and  specified, 
one  should  temporarily  avoid  the  application  of  this  particular  explosive 
TMP  schedule.  This  Investigator  is  confident,  however,  that  an  appropriate 
heat  treatment  can  be  found  which  will  eliminate  this  strength  discrepancy 
without  the  necessity  of  resolutionizing. 

At  this  stage  of  the  investigation,  several  tentative  conclusions  can 
be  drawn.  Firstly,  17-7PH  stainless  steel  can  be  processed  successfully  by 
dynamic  TMP,  utilizing  explosive  forming  in  conjunction  with  the  standard 
heat  treatment  schedules,  without  property  degradation  under  the  following 


circumstances:  when  the  initial  state  prior  to  working  is  Condition  A  or-T 
converted  after  forming  to  TH1050;  Condition  R-100  as  the  initial  state, 
converted  after  forming  to  RH950.  Secondly,  explosive  forming  in  Condition  A 
and  aging  at  900°F  (fractional  Condition  CH900)  will  not  yield  the  expected 
properties  achievable  by  an  equivalent  amount  of  reduction  by  cold  rolling 
Once  this  fact  is  known,  it  can  be  taken  into  consideration  in  designed  for 
service,  or  alleviated  by  changing  the  heat  treatment  parameters.  Thirdly 
explosive  forming, in  Condition  A1750  and  converting  thereafter  to  RH950 
according  to  normal  procedures  is  to  be  discouraged  until  a  modified  heat 
treatment  schedule  is  developed  to  restore  properties  to  or  above  nominal 
levels.  Lastly,  although  the  explosive  TMP  of  17-7PH  stainless  steel  does 
not  seem  to  have  led  to  any  outstanding  property  improvements  for  the 
schedules  investigated  to  date,  neither  does  it  introduce  adverse  effects 
which  cannot  be  readily  overcome. 

The  response  of  explosively  formed  and  cold  rolled  Beta  III  titanium 
to  aging  at  several  temperatures  is  being  studied  also.  Some  of  the  more 
significant  results  are  summarized  in  Table  II. 2. 3.  This  table  shows  the 
percentage  increases  in  hardness  (DPH)  due  to  aging  for  A  and  8  hr.  at  450 
700,  and  900OF,  and  for  72  hr.  at  450°F.  The  basis  of  comparison  in  (a)  * 

is  the  unstrained  solution-treated  control  material,  and  in  (b)  the  undeformed 
ut  similarly  ageo  stock.  There  is  a  distinct  hardening  effect  due  to  prior 
working  with  all  aging  times  and  temperatures  examined.  The  smallest  influ¬ 
ence  of  TMP  occurs  at  900°F,  which  coincides  with  the  precipitation  of  alpha 
phase.  Moreover,  the  900°F  aged  hardness  after  explosive  forming  is  slightly 
lower  than  after  an  equivalent  reduction  by  cold  rolling.  In  both  respects, 

Jh. f  data  a8ree  with  previously  reported  tensile  properties  after  an 

o-h  r  90fJOF  age . 


If,  on  the  other  hand,  one  considers  the  results  for  450°F  and  700°F 
which  are  conducive  to  the  precipitation  of  omega  phase,  then  a  TMP  strength¬ 
ening  effect  becomes  evident.  Whereas  prior  strain  by  cold  rolling  only 
marginally  raised  the  strength  level  on  aging  at  700°F,  explosive  forming 
led  to  appreciable  strength  improvements.  A  similar  but  more  pronounced 
effect  occurred  for  a  longer  aging  time  at  450°F.  It  should  be  noted  that 
the  as-formed  hardness  was  generally  lower  after  explosive  forming  than  after 
conventional,  working.  This  is  not  inconsistent  with  previous  findings  for 
BCC  metals. 


Consequently,  the  explosive  TMP  of  Beta  III  titanium  alloy  seems  to  be 
encouraging.  In  addition,  the  above  observations  suggest  that  a  two-step 
aging  sequence  could  prove  beneficial  to  overall  properties. 


Table  II. 2. 3  Percentage  Increase  in  Hardness  (DPll)  of  'Beta  III  Titanium ; 

Due  to  Aging  Af  ter  Forming  'to  10%  Reduction  in  Thickness. 


Forming 

4  Hr. 

8  Hr. 

72  Hr. 

Ills  tory 

450°F 

700°F 

900°F 

450°F 

700°F  900°F 

jn-Treated  State 

450°F 

(a) 

Relative  to  the 

Undeformed,  Solutii 

UD 

■  .«  vU  ’f' 

18.3 

51.8 

52.1 

21.6 

59.0  -  60.3 

-  i  •••.vt.-dV  '  .  '  .‘.0  '  •'  '• 

2  3.'5'': 

*  ,  .  j  *  - 

CR 

34.3 

61.5 

62.1 

33.2 

68.0  67.7 

44.4 

EF 

33.6 

75.2 

58.2 

33.6 

78.4  64.9 

56.7 

(b) 

Relative 

to  the 

Undeformed, 

Aged  State 

CR 

13.6 

6.4 

6.5 

9.5 

5.7  4.6 

16.9 

EF 

12.9 

15.4 

4.0 

9.8 

12.2  2.9 

26.9 

3*  Prediction  and  Control  of  Explosive  Pressure  History 
Principal  Investigators:'  4, M.  A.  Kaplan,  6.  A.  Thurston 
Graduate  Students:  V,  D' Souza, „G;  Rowell 


%  •  V’.  '.'H  '  '(  ;'V’\  < 

The  explosive  pressure-time  history  from  the  detonation  of  an  axial 
charge  in  a  thick  walled  hollow  cylinder  is  being  investigated  by  idpstip  of 
strain  gages  on  tne  outside  wall  of  the  cylinder.  It  is  possible  to  cal-' 
culate  the  combination  of  peak  pressure  and  duration  from  the  strain  cage 
readings  on  the  outside  of  the  cylinder  wall. 


Strain  gages  have  a  fast  enough  response  time  for  this  purpose  but 
some  difficulties  have  been  encountered  with  the  circuitry,  resulting  in 
inconsistent  readings.  There  is  reason  to  believe  that  these  difficulties 
have  been  overcome,  and  precise  uicasurements  will  begin  shortly. 


Up  to  this  time  a  stainless  steel  tube  has  been  used  to  encase  the 
charge.  Future  investigations  will  be  directed  toward  replacing  the  stain¬ 
less  steel  tube  with  a  less  expensive  mild  steel  tube  without  decreasing  the 
duration  of  the  explosive  pressure  pulse  below  the  critical  value  re  uired 
rot  successful  aUtofrcttage. 


The^energy  transfer  from  a  centrally  located  charge  through  water  to  a 
circular  blank  is  being  investigated  mathematically.  A  Kirkwood-Bethe  strong 
shock  analysis  has  been  used  to  determine  the  energy  transfer  from  the  primary 
s  .ock  wave  to  the  blank.  For  small  stand-off  distances,  the  curvature  of 
the  shock  wave  has  been  taken  into  account  in  the  calculations.  This  part  of 
the  investigation  has  been  completed  and  attention  is  now  being  focused  on 
the  reloading  phenomenon  following  the  primary  shock  wave. 


,  .  c  At*S  ?ma11  8tand_0ff  distance  (L/D  -  1/6)  the  gas  bubble  bursts  over  the 
blank.  Analyses  will  be  made  ao  predict  the  resulting  pressure  on  the  blank 
and  the  duration  of  the  energy  transfer. 


4.  Explosive  Welding 

Principal  Investigator:  S.  Carpenter 
a.  Diffusion  and  Defect  Studies 

Graduate  Student:  M.  Nagarkar 


Results  of  diffusion  studies  on  both  explosion  welded  and  roll 
bonded  copper-nickel  couples  have  shown  a  definite  enhancement  of 
the  diffusion  in  the  explosion  welded  couples.  To  demonstrate  that 
the  enhancement  is  not  a  result  of  the  wavy  interface  an  explosion 
we Id ad  couple  was  fabricated  using  a  symmetrical  explosive  loading 
arrangement.  This  gave  an  explosive  weld  with  a  straight  interface. 
Diffusion  studies  on  this  couple  also  gave  enhanced  diffusion  over 
that  measured  in  the  roll  bonded  couples.  It  is  felt  that  the 


enhanced  diffusion  is  the  result:  nf  i;o  AtJe'  "''"l  ?!j 

s^.’srssfe  2 

mission  electrcmmicroeconv  ?h?2<  “ructurc  ky  "**  «f  trans¬ 
it,  of  the  dual  metal  cowle°  io  !Z??  *s  a8ry  dlfflcolc  because 
system  has  been  fabricated  which  ^  ginning  an  ion  discharge 
bombardment  to  *+ 

if  formation  otL^SfcZaZ^”8  Z  ^  Syst™  *  — 
was  in  Cu-Ni  welds  Samnioo  ,  8  en^anc£d  as  the  diffusion 

data  are  now  being'taken  using  the  SScSnliSSpwS.’ t”“*d  ^ 
b*  M-ding  Parameters  and  Thickness  LimltsMnn. 

Graduate  Student:  R.  Wittman 

li.ionX^“^tLh^enathM^  ^  18  8  -**-  -1- 

combination.  It  is  eenerallv  t-hn  ht-  3  Part*cuiar  metal-alloy 
for  optimum  strength  will  remain  c^tanrM^hTfiw^hlck1* 

for  the  parallel  geometrv  and  .  ?  an«le  "”“‘"0  constant 

then  the  flyer  plfte  impact  wlocit^Su^S1?***  co"posltl<m> 
if  the  flyer  plate  thickness  h teeS  fj  e 

mess),  and  the  explosive  conditions  and  stind  off  l?8  the  plate 
maintain  a  constant  impact  velocltv  frf  adJUSCed  to 

energy  of  the  flyer  plate  will  have  increased?  “*  *’  'he  kln8tlc 

in  numerous  ^  dt^ll^'pS^”'?1?  T®  18  dl88lp8t8d 
important  mode^f  die^fpfSn 

ol  :  ,T*  interface)?  letter?  „t 
temperature  rise  wh??h  ?  heat  8nd  8  corresponding 
mechanical  prepay  degradZZ^LZdZo^ZgZ^1"6 

angle^itlaX’ ’S^LS^S  ~7  °'  “’‘“h81"' 

for  uniform  explosion  weld  JJ  1  not  a  proPer  model 

the  thicknees  ol  Z  an?la  "”•*  grease  as 

energy  input  corresponding  to  optimum  wlldZality?  COT8t8nt  klnetlc 


.  ^  ^Perlments  have  been  completed  for  6061-Tfi  Y 

Sri  “Y  nalntal"e<i  “d  "Clil”8 

”m^Lt^rezx  s  .y—  s^STcr  ~ 

welds,  the  flyer  plate  ImDact  w  f°r  parent metal  strength 

aYhei,flyer  ‘,late  thlck"«s  was  increased8’’  The  kemalnad  constant 
and  collision  angle  have  been  observed  bv  il.S  J5“t  veloclt>' 

ments  to  decrease  “1th  increasing  flyer  piau  mctaef”Ph  "eaa"re- 

velocity^that'will  p^Xr'cY*1'’'  a  loBer  U»it  on  impact 
sultant  break-up  o/bond  inhibitl™88*1?  ldter£acc:  flo“  and  re- 
kinetic  energy  model  is  true  thpn8fh°ntaminant8’  If  the  constant 
thickness  which  can  be  optimallj  welded6  *  llmiting  plate 

aluminum,  1  1/2  inches  thirlfnoal  elded*  In  the  case  of  6061-T6 

that'  can  ba  explosion  welded  to  itself18  T  be  VGry  near  the  llmit 
weld  strength.  °  ±tSelf  and  result  in  parent  metal 

5‘  Pgrforated  Dies  for  Explosive  pn^W[. 

Principal  Investigator:  A.  A.  Ezra 

1  <  ■  :  .  OW  :  S.  Kulkarni 


i.t'Cr. 


Following  the  death  of  Professor  Hem.., 
over  the  Dr.  A.  A.  Ezra,  with  the  aaslsL,S'  this  Work  has  been  taken 

been  re-directed  toward*  the'development 'of 'rational  Yi'Y™1-  The  work  See 
thin  walled  dies  for  explosive  forming.  1  methods  of  analysis  for 

spherif^CL:t^itrafXln?sdL^3naf“1  &  ^i^ ‘“f Y110-  a  *aal- 

differentlal  equations  of  motion  have  been  set  up  to  Incu  t  11,8  “ndition.  The 
of  the  surrounding  water.  Experimental  verlfl-^i  Include  the  resistance 
results  will  be  carried  out  shortly?  verification  of  some  of  the  preliminary 

6‘  lg£i°aive  Forming  of  Large  Thick  Wan0n  - 

Principal  Investigator:  R.  j.  Green 

A  parallel  ^^^tttdr^B^gaS^arbe  t0,th®°Jetlcal 

source  as  a  spin-off  contract.  b  funded  separately  from  a  differer 

The  theoretical'work'i^being  dine'  Z2?£*U‘i  °£  “la”«  aad  ‘-hnology. 
the  exp.-i-enrj]  work.  wUch*!.  directed  townra8”1888  °£  thls  while 

thick  welled  domes  is  being  done  fortheUS  Navy!"  teChn0l°8y  f°c  foratn8 


It  hssS  *"!  •*•-“*-*  ttmultaneoiisiy 

following -formula  ?  energy  required  may  be  estimated  by  the 


«-Hdu  une  expios: 

following; formula  ■ 

n'i 3  a*.'s  -tj's; 

:::‘S.f!??k0  u: 


v  '-i'if--/  <V  i.  -.' 

•  ••< '.;h  # 


where  E  -  energy  in  the  charge. 

ao  “  yield  stress  of  blank  material 
ho  "  initial  thickness  of  blank 

^  depth  of  done  at  center 

The  thickness  ^rihution  nay  he  seated  fr»  ehe  folloKl„8  forauU 
hfr0  -  0.87  (w/r  )Z 


where  h 


blank  thickness 


dlStan“  £r°"  «««  o£  blank  before 

7"  ~  °f  "lBh  Expl0lilve  Pressures  for  Increased  iwnn^. 

Principal  Investigator:  M.  A.  Kaplan 

Kaplan^can  21^  V“  JT  S°  that  P-fessor 

sure  history  for  axial  charges  in  thick  walled^u^^10?^^  COntro1  of  pres“ 
delayed  due  to  experimental  difficulties.  8 ’  Theae  have  been 

®*  ^^g-gSlDesian  of  Facilities  for  Exnlo.^o  Welding 
Principal  Investigator:  A.  A.  Ezra 
Graduate  Student:  A.  Eriksen 

being  generated  is  the  necessityiof1usine°itat:i0ni0f  th®  research  knowledge 
charges  reared  for 

designed.  Compfratiira^alyserL^^ahS^thT1  J*  belng  analyzed  and 
most  efficient  structure.  It  has  also^n  l  ®  JemlsPherical  shell  is  the 
diameter  hemis - herieji  one  imt  \ Bhown  *>?  analysis  that  a  22  ft, 

’  intf‘  CTllck.  can  safely  contain  a  200  lb. 


1  pel  bef«e1£i^ng.Ptpr“ei.^hl°U„grforUthe ‘fabrication  of  '° 

fired  to  expand  It  to  the  deaired  ehaoT  p^  prf8urc’  a  tharge  will  be 
preseure  level  will  be  reduced  to  1  psl'b Jote^ ltlng!"11  8h°t8’  thC  alnblent 

ehortl^'1"'"101  *>"?**»*  • fa  anal!  scale  model  will  be  carried  It 


’•  -pl°S±ve  fabrication  of  sr-el  Boiler  cm..„ 

Principal  Investigator:  #  H.  Otto 
Graduate  Student:  James  Boyter 

procedures^  °(irLJo‘fl^CLttom^iranr(2riSlt°rmed  T"8  tW°  dlfferei1 
two  blanks.  In  both  cases  the  ori<Hn*l  m  (  l  ^mult:aneous  free  forming  of 
to  forming  the  blo^ blank  dtame ter  was  22  inches.  Prior 

strains  could  be  measured  J  the  circun*erential  and  radial 

along  two  dlameter^calculated^sing^he  Kl?  ““  *»i» 

comparison  purposes,  part  of  th^  st'c^as^oS  ^  F°r 

Cba^raL^sUr  tesSg38  £L“  8p881™8  ^ 

and  transverse  to  the  or&nal^  ^ 

impact  tests^aS^rStLSSStSdome  °nl?  881188  com,’letcd  19  uharpy 
stock  at  the  same  strain  (0  0&)  CharnJ*  V™*  comPared  wlth  cold-rolled 
have  been  completed  Leo.  ^  of  the  as-received  stock 

was  expected,  strain,  regardless  ofmLe  a^?, pyes9n^ed  1-  Figure  II. 9;  1.  As 
Although  there  Is  a  lowering  of  the  lmnacr  ^  lncraaae  the  DBT  of  the  steel, 
at  ambient  conditions,  elevated  temoeratur*9  teaF  y  straln:Ln8  the  specimens 

Si  IT  -  1888  81  -  •«-  SSS/Sp  SiSSSSd 

same  fSboS'S^idSS’S  i.HXS'V*"}  °f  8tra,It  M8  ab°«  bba 
to  about  85  rb  f„r  the  SaSd  ^SSeS  *  *  ^  05  **  aa— Ived 


As  received,  longitudinal 


